The nitroxyl anion (NO -) is a highly reactive molecule that may be involved in pathophysiological actions associated with increased formation of reactive nitrogen oxide species. Angeli's salt (Na 2 N 2 O 3 ; AS) is a NO -donor that has been shown to exert marked cytotoxicity. However, its decomposition intermediates have not been well characterized.
Introduction
In biological systems, nitric oxide (NO) primarily reacts with heme proteins such as guanylate cyclase (summarized in [1] ). Although NO is a radical, it is relatively unreactive towards other biomolecules including thiols and amines. However, a variety of redox reactions can convert NO into reactive nitrogen oxide species (RNOS) that have a myriad of effects in biological systems. For example, N 2 O 3 and peroxynitrite (ONOO -), which are produced by the reaction of NO with O 2 or superoxide (O 2 -), respectively, can lead to oxidation, hydroxylation, nitration and nitrosation of biomolecules [1] .
Although a substantial literature exists on the putative biological effects of other RNOS, few studies have focused on nitroxyl (NO -), the one electron reduction product of NO. Several reports suggest that NO -(or its conjugate acid, HNO) can be generated from chemical reactions that occur in vivo [2, 3] including oxidation of L-arginine by tetrahydrobiopterin-free nitric oxide synthase (NOS) [4] [5] [6] and decomposition of Snitrosothiols [7, 8] . Taken together, these studies indicate that the chemistry of NO -is an essential component of the redox chemistry of NO in biological systems.
Angeli's salt (AS) is the most commonly used synthetic donor in the study of NOeffects under biological conditions [9] . At physiological pH and temperature, AS spontaneously decomposes to HNO and nitrite with a half-life of 2.5 min. 
Materials and Methods
Angeli's salt (Na 2 N 2 O 3 ) was synthesized as previously described [10] . peroxide (H 2 O 2 ) followed by rapid quenching in 1 M NaOH, as previously described [13] .
The resulting basic solution was exposed to MnO 2 to remove excess H 2 O 2 , which was reduced to <1% per mol of ONOO -. After filtering, aliquots were stored at -20 °C for less than two weeks. Directly prior to use, the concentrations of these RNOS donors in 10 mM NaOH were determined from the absorbance values at 250 nm for AS and DEA/NO (ε = 8000 M -1 cm -1 [12] ) and 302 nm for ONOO -(ε = 1670 M -1 cm -1 [14] ).
Sodium azide, sodium bicarbonate, hydroxylamine (NH 2 OH), glutathione (GSH), methionine, uric acid, ascorbic acid, horseradish peroxidase (HRP), manganese(IV) oxide, diethylenetriaminepentaacetic acid (DTPA) and dimethylformamide (DMF) were purchased from Sigma while sodium iodide, sodium nitrite, sodium nitrate and vanadium(III) chloride were obtained from Aldrich. Stock solutions were prepared fresh daily at 100× in MilliQ filtered H 2 O unless otherwise noted. The assay buffer contained the metal chelator DTPA Instrumentation. UV-visible spectroscopy was performed with a Hewlett-Packard 8452A diode-array spectrophotometer. Fluorescence measurements were acquired on a Perkin Elmer LS50B fluorometer, using 2.5 mm slit widths unless otherwise stated.
Oxygen consumption was determined using a Medical Systems LiCOX instrument with a
Revoxode oxygen catheter-microprobe electrode (Harvard Apparatus, Holliston, MA).
Chemiluminescent detection of NO was accomplished with a Sievers NO analyzer (Boulder, CO).
DHR Oxidation. Oxidation chemistry mediated by RNOS was evaluated by formation of the fluorescent dye rhodamine 123 (RH) from dihydrorhodamine 123 (DHR) [15] . Stock solutions of 50 mM DHR (10 mg; Molecular Probes, Eugene, OR) were prepared in DMF (0.6 mL) immediately prior to use. Further dilutions in DMF were prepared such that the amount of DMF added to the assay buffer was minimized (≤10 µL).
Typically, addition of DHR to 1 mL of assay buffer, containing 100× quenching agent as appropriate, was followed by RNOS donor compound (50-200×). After a 30 min incubation for AS or DEA/NO at 37 °C or 5 min at RT for ONOO -, 1 mL of H 2 O was added, and the fluorescence was measured at 570 nm with excitation at 500 nm. Since DHR slowly autoxidizes to RH, background fluorescence in assay buffer alone was subtracted from the measured values with RNOS donors. Standard curves were obtained using authentic RH (Molecular Probes). The O 2 dependence of DHR oxidation by AS was examined in a similar manner except that the buffer was purged with argon and transferred by syringe to a septum-capped, Ar-flushed cuvette prior to AS addition. 7 nm with 326 nm excitation. Nitration of HPA was also accomplished in an analogous manner to DHR oxidation except that following decomposition of the RNOS donor, the reaction solution was diluted in 10 mM NaOH, and the yellow product was quantified from the absorption at 430 nm (ε = 4400 M -1 cm -1 [17, 18] ).
Hydroxylation reactions. Hydroxylation of benzoic acid (BA; Aldrich; 100 mM in 100 mM NaOH) was measured under similar conditions as described for DHR oxidation except that an appropriate amount of 1M HCl was used to neutralize added NaOH. The fluorescent product was detected at 410 nm with excitation at 290 nm and slit widths of 5.0 mm [15] .
Nitrosation of DAN. Formation of N 2 O 3 was monitored indirectly by Nnitrosation of 2,3-diaminonaphthalene (DAN; Sigma), which yields the fluorescent product 2,3-naphthotriazole [19] . Stock solutions of DAN (100 mM) were prepared in DMF.
After incubation with RNOS donor and dilution with 1 mL of 10 mM NaOH, fluorescence was measured at 450 nm with excitation at 375 nm.
Oxygen measurements. The amount of O 2 consumed by 1.7 mL of assay buffer + 10 mM HEPES containing 10-60 µM AS was determined from the amplitude of the signal decay at 37 °C assuming that 1 mm Hg corresponds to 1.4 µM O 2 [20] . The effects of various compounds on 60 µM AS were also examined.
Nitrite and nitrate assay. [23] . When increasing concentrations of AS (5-100 µM) were exposed to buffer solutions containing 50 µM DHR, corresponding increases in RH production were observed (data not shown). Analogously, varying the DHR concentration (0.1-2 mM) such that 50% quenching occurred at 0.7 ± 0.1 mM GSH ( Figure 3A ). Nearly stoichiometric quenching was observed for AS which suggests an X i of < 10 µM. In the presence of 2-20 mM methionine, AS and ONOO --mediated DHR oxidation were similarly impeded with X i of 2.9 ± 0.6 mM and 4.7 ± 0.4 mM, respectively ( Figure 3B ). In the presence of increasing concentrations (0.05-1 mM) of urate (dissolved in 100 mM NaOH) or ascorbate, DHR oxidation mediated by both AS and ONOO -was quenched dramatically (X i < 100 µM; data not shown).
Oxidation and nitration of HPA. The chemistry associated with reactive oxygen species (ROS) and RNOS can be examined using HPA. In the presence of powerful oxidants such as those formed from peroxidases and H 2 O 2 , HPA is converted into a fluorescent dimer through an initial one-electron oxidation [16] . The extent of nitration can also be evaluated through modification of HPA to the yellow product, 3-nitro-HPA [17, 18] . Previous studies demonstrated that CO 2 enhances nitration [29] [30] [31] . High concentrations of ONOO -(>100 µM) readily nitrated 1 mM HPA, and in the presence of 25 mM HCO 3 -, considerably more nitration product was observed (data not shown).
Conversely, when HPA was exposed to AS, a peak at 430 nm was not detected in the presence or absence of HCO 3 -. This is consistent with a report that suggests that free tyrosine is nitrated by ONOO -but not by AS [32] . Indeed, HPLC analysis indicated that at 
Discussion
Nitroxyl can be formed from various reactions and has been proposed to be an important intermediate in the in vivo metabolism of NO [10] . However, the role of this RNOS in biological systems is not clear, partly due to the lack of understanding of its chemical properties. Several studies have suggested that NO -/HNO is a product of NOS [4] [5] [6] . Although controversial, this possibility cannot as yet be discounted. Additional sources of NO -may be the decomposition of S-nitrosothiols [7, 8] or the dissociation of ONOO -to NO -and singlet oxygen ( 1 O 2 -) [33] . Other studies examining the effect of NOin vitro demonstrated that the synthetic NO -donor AS was orders of magnitude more cytotoxic than NO or other RNOS [10] . This cytotoxicity was dependent upon molecular oxygen and was at least in part due to the ability of AS to produce double strand breaks in cellular DNA, similarly to ionizing radiation and chemotherapeutic drugs. Furthermore, AS has been shown to increase infarct size about three-fold in an in vivo model of myocardial ischemia-reperfusion injury [11] . These studies indicate that nitroxyl has proinflammatory and toxic properties. In addition, AS was reported to affect specific neuronal channels, suggesting the involvement of NO -in neurotoxicity [34] .
The reactivity of AS toward several compounds was examined to gain insight into the chemistry of the intermediates formed during AS decomposition. The two-electron oxidation of DHR by AS was dependent on the presence of O 2 (Figure 2 ), indicating formation of a reactive intermediate from the reaction of NO -with O 2 . This reaction was found to be stoichiometric ( Figure 6 ), which suggests that ONOO -may be a participant in AS chemistry. The affinities of ONOO -and AS for DHR were similar, and significantly higher than that of the NO donor DEA/NO, although the yield of RH was approximately 3-fold higher with AS under all conditions examined ( Figure 1 and Table 1 ). The RNOS scavengers methionine, urate and ascorbate, in the presence of 10 mM HEPES, quenched DHR oxidation to a similar degree for both AS and ONOO -( Table 2 and Figure 3B ). However, DHR oxidation by AS was approximately 100-fold more sensitive to quenching by GSH than that by ONOO -( Figure 3A ). Our data suggest that NO -/HNO reacts directly with GSH rather than with the O 2 -derived product as O 2 consumption by AS was also quenched by GSH ( Figure 6 ). In fact, GSH has a high affinity for HNO [35] , and this reaction in the presence of excess GSH results in disulfide formation through the intermediate, GSNOH.
HNO + GSH → GSNHOH 3) GSNHOH + GSH → NH 2 OH + GSSG 4)
This mechanism may represent the primary cellular defense against NO -toxicity in the cell, which is supported by the observation that exposure to AS results in a dramatic reduction in intracellular GSH [10] . Further, the selective quenching of AS-related chemistry by GSH, and that of NO/N 2 O 3 by N 3 -, provides a useful tool to differentiate biological effects of NO -and NO from other RNOS.
Although similarities in the two-electron oxidation of DHR by AS and ONOO -were observed, there were notable differences in the one-electron oxidation of HPA and the hydroxylation of BA. Whereas HPA was readily oxidized by ONOO - [16] , AS did not form substantial fluorescent product, suggesting that NO -does not oxidize aromatic bioorganic molecules through a radical reaction (Figure 4) . Conversely, BA hydroxylation by AS was more efficient than with ONOO -( Figure 5 and Table 1) . From these data it may by guest on September 28, 2017 http://www.jbc.org/ Downloaded from be deduced that NO -mediates two-electron but not one-electron oxidation, while ONOOreadily participates in either reaction.
Nitration and nitrosation are also important reactions in the metabolism of NO.
Nitration (NO 2 + donation) by ONOO -is increased in the presence of CO 2 while ONOOmediated nitrosation reactions (NO + donation) occur only in the presence of excess NO [15, 19, 36] . Under optimal conditions, nitration of HPA was observed only with ONOO -(data not shown). However, a recent report has shown that although free tyrosine is not affected by AS, it will nitrate tyrosyl residues in proteins [32] . This observation raises the possibility that NO -may be an important source of nitrated proteins in vivo, and this warrants further investigation. Both ONOO -and AS lacked the ability to nitrosate DAN, which is readily accomplished by DEA/NO. In addition, the reaction of AS with RSH was reported to produce RSNHOH rather than RSNO (Eq. 3) [35] . Taken together, the conclusion can be made that NO -does not appreciably nitrosate or nitrate low molecular weight compounds.
In summary, our observations show that ONOO -readily mediates both one-and formation (Eq. 1; [37, 25] ). Numerous plausible activation mechanisms of 1 HNO can be envisioned (Scheme 1), and the validity of each is discussed in detail in the following section.
The pathways depicted in Scheme 1 depend upon the lifetime of 1 HNO relative to 1 NO -. The pK a for HNO is reported to be 4.7 [38] , which should result in over 99% deprotonated species at pH 7.4. Intersystem crossing of 1 NO -to 3 NO -followed by reaction with O 2 (ground state triplet) would be predicted to produce ONOO - [37] .
Since ONOO -is not formed from AS decomposition, this pathway cannot be kinetically favorable. Direct reaction of either 1 HNO or its conjugate base 1 NO -with 3 O 2 would be spin-forbidden, and thus the k 2 and k 3 pathways would be expected to be too slow to be significant. However, as k ISC is likely to be of similar magnitude to intersystem crossing .
The ratio of k 3 to k ISC would thus be solely dependent upon the O 2 concentration,
and k 3 would have to exceed k ISC by 5 × 10 3 to be of kinetic importance. Reaction of 1 NO -with O 2 could be expected to result in peroxynitrite formation (Eq. 8). However, the difference in charge distribution between the states of nitroxyl This rate constant is unreasonably fast suggesting either that k ISC < 10 3 s -1 or that the pK a is greater than the reported value of 4.7. In either case, reaction of HNO or 1 NO -with O 2 would become increasingly favorable.
An alternate mechanism may involve hydrolysis of HNO (Scheme 1). HNO has been demonstrated to be easily scavenged by nucleophiles such as GSH (Eq. 3, [35] , Figure 3A ) and NH 2 OH [25,43, Table 2 ] and also avidly reacts with sulfhydryls [25, 44] . [10] and may be produced endogenously via the NO synthase reaction [4] [5] [6] , NO -may be involved in certain pathophysiological mechanisms.
The biological role of NO -, like that of other RNOS, is not clearly defined at this time. However, the potential for its derivation directly from NOS activity or from decomposition of S-nitrosothiols raises a number of interesting questions. Of particular interest is whether nitroxyl dissociates from biological compounds as HNO or NO -, since the resulting chemistry of these species can vary drastically. With two distinct types of reactivity, location will be critical to the implications of NO -in different disease states.
Clearly, the reaction between O 2 and will primarily lead to two-electron oxidation and hydroxylation of compounds and does not yield the same product as the reaction of NO with O 2 -. 
